Abstract. Hyperglycemia in patients with diabetes induces vascular endothelial cell apoptosis and subsequent vasculopathy. The aim of the current study was to investigate the pathological mechanism of hyperglycemia-induced endothelial cell apoptosis and vasculopathy using human umbilical vein endothelial cells. As high glucose-induced apoptosis is caused by elevated mitochondrial permeability-mediated release of mitochondrial cytochrome c, the current study examined voltage-dependent anion channel (VDAC1), the controller of mitochondrial permeability, and its regulators, hexokinase2 (HK2), Bcl-2 and Bax. The current study demonstrated that HK2 may be involved in high glucose-induced cell apoptosis, as HK2 overexpression partially reversed high glucose-induced downregulation of mitochondrial/cellular HK2 and Bcl-2 as well as upregulation of mitochondrial Bax. These results suggest that HK2 overexpression partially reversed the reduced binding of HK2 and Bcl-2 and the enhanced binding of Bax to VDAC1, which reduced the high mitochondrial permeability observed under high-glucose conditions. Furthermore, high glucose reduced HK2 transcription via down-regulation of the HK2 transcriptional factor, peroxisome proliferator activated receptor γ (PPARγ). Taken together, these results suggest that PPARγ/HK2 may be novel targets for the prevention of diabetic vasculopathy.
Introduction
Diabetes mellitus is a chronic endocrine disorder, characterized by hyperglycemia and other metabolic disorders of fat, protein and electrolytes due to absolute or relative insulin deficiency (1) . Epidemiological data suggest that diabetes-induced cardiovascular complications are a leading cause of diabetes-related mortality and disability (2) . Diabetes-induced cardiovascular complications include macrovascular and microvascular diseases (3), of which vascular endothelial cell apoptosis is considered to be an initial event and pathological basis (4) . However, the underlying mechanism of diabetes-induced endothelial cell apoptosis remains unknown.
Mitochondria, membrane-bound organelles located in the cytoplasm of almost all eukaryotic cells, are commonly referred to as cellular power plants critical to the production of energy in the form of ATP (5) . In addition, mitochondria serve a central role in cell apoptosis (6) . Damage to the mitochondria leads to increased mitochondrial membrane permeability and subsequent release of cytochrome c (7), an essential component of the electron transport chain (8) . Upon entering the cytoplasm, cytochrome c interacts with apoptotic protease activating factor-1 that triggers the activation of caspase cascades (9) . Previous studies have confirmed that hyperglycemia induces mitochondrial pathway-dependent apoptosis in vascular endothelial cells (10) , however the underlying mechanisms remain unknown.
Increasing evidence suggests that voltage-dependent anion channel (VDAC), an abundant protein located in the outer mitochondrial membrane (11) , serves a role in the regulation of mitochondrial membrane permeability and is essential for the release of cytochrome c during cell apoptosis (12) . The VDAC protein family consists of 3 isoforms: VDAC1, VDAC2 and VDAC3, and vascular endothelial cells mainly express VDAC1 (13) . VDAC provides the pathway for the movement
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of ATP and other small molecules out of the mitochondria (14) . Mitochondrial membrane permeability is regulated by VDAC1 together with other factors including hexokinase 2 (HK2), Bcl-2 and Bax (15) . HK2 and Bcl-2 decreases, while Bax increases mitochondrial permeability (16) (17) (18) . Once cells are exposed to apoptogenic factors, such as oxidative stress, this leads to the VDAC1-mediated increase in mitochondrial permeability, with the release of cytochrome c and subsequent cell apoptosis (19) . The present study investigated the pro-apoptotic effect of high glucose on human umbilical vein endothelial cells (HUVECs), a commonly used cell line in diabetic vascular research (20) and the potential underlying mechanisms. The results of the current study indicated that high glucose may induce HUVEC apoptosis via downregulation of HK2 and Bcl-2 proteins, leading to decreased interactions with VDAC1. Furthermore, increased interactions between Bax and VDAC1 lead to the subsequent release of cytochrome c. Taken together, the results of the current study may provide new approaches and potential targets for the prevention of diabetes-induced cardiovascular complications.
Materials and methods
Cell culture. HUVECs were purchased from the American Type Culture Collection. HUVECs were cultured in Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Inc.) containing 5.5 mM glucose with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin (Thermo Fisher Scientific, Inc.) at 37˚C in a 5% CO 2 -humidified incubator. MG132 was utilized to prevent the potential proteasome-induced degradation of protein. HUVEC cells were pretreated with 50 µM MG132 (Selleck Chemicals) for 8 h at 37˚C in a 5% CO 2 -humidified incubator before culture in DMEM containing 5.5, 16.5 or 33 mM glucose for a further 72 h at 37˚C. To examine the effect of cyclosporine A (CyA), HUVECs were treated with 10 mM CyA (EMD Millipore) for 12 h at 37˚C in a 5% CO 2 -humidified incubator. Following the 12-h treatment, HUVECs were cultured in DMEM containing 5.5 or 33 mM glucose for a further 72 h.
Cell infection. HUVEC cells were seeded into 6-well plates at a density of 4x10 5 cells/well overnight at 37˚C. Virus particles (2x10 7 )/well [HK2 adenovirus or the control virus; OBiO Technology (Shanghai) Corp., Ltd.] were subsequently added and incubated for 2 h at 37˚C. Cells were cultured in fresh DMEM containing 5.5 or 33 mM glucose for a further 72 h at 37˚C in a 5% CO 2 -humidified incubator.
Vectors. pGL3-HK2, pGL3-Bcl-2, pRL-TK-Renilla plasmid and pCF CREB, pCMV4 and pSV-SPORT expression vectors were gifts provided by Professor Dongping Wei (The First Affiliated Hospital of Nanjing, Nanjing, China). The mammalian expression vector pcDNA3.1 was purchased from Thermo Fisher Scientific (San Jose, CA, USA Cell apoptosis analysis. Cell apoptosis was examined by Hoechst 33258 staining. Cells were washed three times with PBS and fixed in 4% paraformaldehyde for ~12 h at 4˚C. Cells were then washed a further three times with PBS and incubated with 10 µg/ml Hoechst 33258 (Beyotime Institute of Biotechnology) was added to each sample for 5 min at room temperature. Cells were washed with PBS and the coverslips were mounted with glycerol and images were captured using a fluorescence microscope (magnification, x200) with an excitation wavelength at 346 nm and an emission wavelength at 460 nm.
Isolation of mitochondria. HUVEC cells were resuspended in mitochondria isolation reagents (Cell mitochondria separation kit; cat. no. c3601; Beyotime Institute of Biotechnology) and incubated on ice for 15 min. Following homogenization, the cell lysate was centrifuged at 600 x g for 10 min at 4˚C, and the supernatant was collected and further centrifuged at 11,000 x g for 10 min at 4˚C. The remaining mitochondrial pellet was collected and used for subsequent experimentation.
Flow cytometric analysis of mitochondrial membrane potential using JC-1 staining. Following trypsinization, cells were washed twice with PBS, resuspended in 1 ml JC-1 staining solution (1X; Beyotime Institute of Biotechnology) and incubated at 37˚C for 20 min. Following incubation, cells were centrifuged at 600 x g for 10 min at 4˚C and resuspended in 500 µl staining buffer (cat. no. c2005; Beyotime Institute of Biotechnology). Mitochondrial membrane potential was subsequently examined via flow cytometric analysis with FlowJo VX10 software (FlowJo LLC), where fluorescent emissions were detected at 530 nm (JC-1 FL1; red) and 575 nm (JC-1 FL2; green). The FL2/FL1 ratio represents mitochondrial membrane potential.
Immunoprecipitation and western blot analysis. HUVEC cells or mitochondria were lysed using radioimmunoprecipitation assay buffer (20 mM Tris, 150 mM NaCl, 1% Triton X-100 and 1 mM PMSF, pH 7.5) and incubated for 30 min on ice. Samples were then centrifuged for 10 min at 13,800 x g at 4˚C. Lysates were resuspended in 3X loading buffer (2% SDS, 6% β-mercaptoethanol, 50 mM Tris-HCl, 10% glycerol and 0.05% bromophenol blue, pH 6.8). Cell lysates were incubated with primary antibody (as stated below) for 2 h at 4˚C followed by incubation with protein A-sepharose beads (Sea Biotech, Shanghai, China) for 1 h at 4˚C. Protein A-sepharose beads were washed three times with lysis buffer and centrifuged at 4˚C for 1 min at 6,200 x g. The supernatant was discarded and 2X loading buffer (2% SDS, 6% β-mercaptoethanol, 50 mM Tris-HCl, 10% glycerol and 0.05% bromophenol blue; pH 6.8) was added to the protein A-sepharose beads. Samples were then boiled at 95˚C for 5 min. Protein quantity was determined using a BCA protein assay kit (Thermo Fisher Scientific, Inc.). Protein (25 µg) was separated by 10% SDS-PAGE and transferred to PDVF membranes (EMD Millipore). Membranes were then blocked with 5% skimmed milk in TBST for 1 h at room temperature and incubated with the following primary antibodies: HK2 
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from HUVECs using the TRIzol ® reagent (Thermo Fisher Scientific, Inc.). Reverse transcription was performed using a reverse transcription kit (Vazyme Biotech Co., Ltd.). qPCR was subsequently performed using a StepOnePlus™ Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.) with THUNDERBIRD ® SYBR ® qPCR master mix (Vazyme Biotech Co., Ltd.). The Thermocycling conditions were as follows: Initial polymerase activation step at 95˚C for 30 sec; followed by 40 cycles at 95˚C for 10 sec and 60˚C for 30 sec. A final stage was performed at 95˚C for 15 sec, 60˚C for 60 sec and 95˚C for 15 sec. The following primer sequences were used for qPCR: HK2 forward, 5'-TGC CAC CAG ACT AAA CTA GAC G-3' and reverse, 5'-CCC GTG CCC ACA ATG AGA C-3'; PPARγ forward, 5'-GGG ATC AGC TCC GTG GAT CT-3' and reverse, 5'-TGC ACT TTG GTA CTC TTG AAG TT-3'; Bcl-2 forward, 5'-GGT GGG GTC ATG TGT GTG G-3' and reverse, 5'-CGG TTC AGG TAC TCA GTC ATC C-3'; and GAPDH forward, 5'-GGA GCG AGA TCC CTC CAA AAT-3' and reverse, 5'-GGC TGT TGT CAT ACT TCT CAT GG-3'. The relative expression levels of target genes were quantified using the 2 -ΔΔCq method (21) and normalized to the internal reference gene GAPDH.
Dual-luciferase reporter assay. HUVEC cells were seeded onto 24-well plates at a density of 1x10 5 cells/well and co-transfected with luciferase reporter plasmids 200 ng pGL3-HK2, pGL3-Bcl-2 or 10 ng pRL-TK-Renilla and 100 ng pSV SPORT PPARγ, pSV SPORT, pCF CREB, pcDNA3.1, pCMV4-p65 or pCMV4 expression vectors in 250 ml of serum-free DMEM using Lipofectamine ® 2000 (Thermo Fisher Scientific, Inc.) for 4 h at 37˚C. Following incubation, HUVECs were cultured in DMEM supplemented with 10% FBS for 24 h. Following a 24-h incubation, transfected HUVECs were cultured in DMEM containing 5.5 mM glucose for a further 48 h. Luciferase activities were detected using the Dual-Luciferase Reporter assay system (Promega Corporation, Madison, WI, USA) and Firefly activity was normalized to Renilla luciferase activity. Three biological replicates were performed in triplicate.
Statistical analysis. Data are presented as the mean ± standard error. Comparisons between groups were analyzed via one-way analysis of variance (GraphPad, Inc.). P<0.05 was considered to indicate a statistically significant result. Three biological replicates were performed in triplicate.
Results
High glucose induces apoptosis in HUVECs. HUVECs exposed to high concentrations (16.5 and 33 mM) of glucose demonstrated a significantly decreased cell viability, increased cell apoptosis and cleaved caspase-3 levels, compared with HUVECs exposed to a low (5.5. mM) glucose concentration (Fig. 1A-C) . In addition, the mitochondrial membrane potential in HUVECs exposed to high concentrations of glucose was significantly decreased compared with HUVECs exposed to a low glucose concentration (Fig. 1D) . These results suggest that exposure to high glucose may induce cell apoptosis in a mitochondria-dependent manner via impairment of mitochondrial structure and function. The change in mitochondrial permeability was confirmed by a reduced mitochondrial expression level and an unchanged cellular expression level of cytochrome c (Fig. 1E and F) , which is released from the mitochondria into the cytoplasm when mitochondrial function is disrupted (22) . Since mitochondrial permeability is controlled by VDAC1, which is regulated by Bcl-2, Bax and HK2, Bcl-2, Bax and HK2 protein expression (19) and subcellular distribution were examined. HUVECs exposed to high glucose concentrations demonstrated decreased mitochondrial and cellular protein expression levels of HK2 and Bcl-2 compared with HUVECs exposed to a low glucose concentration ( Fig. 1E and F ). Although the mitochondrial protein level of VDAC1, as well as the cellular protein levels of VDAC1 and Bax remained unchanged, the mitochondrial protein level of Bax was increased in HUVECs exposed to high concentrations of glucose ( Fig. 1E and F) . Immunoprecipitation studies revealed that exposure to high glucose enhanced the interaction between VDAC1 and Bax, and reduced the interaction between VDAC1 and HK2 as well as Bcl-2 in HUVECs (Fig. 1G) .
HK2 overexpression partially reverses high glucose-induced cell apoptosis.
Protein expression levels of HK2 were increased in HUVECs following transfection with HK2 adenovirus compared with control adenovirus (Fig. 2A) . When compared with control virus infected HUVECs, HK2 overexpression partially reversed the decrease in cell viability, enhanced cell apoptosis and activation of caspase-3, and reduced mitochondrial membrane potential of HUVECs following exposure to high levels of glucose (Fig. 2B-E) . In addition, HK2 overexpression partially reversed the decreased mitochondrial and cellular protein expression levels of HK2 and Bcl-2 as well as the increased mitochondrial protein expression level of Bax observed in HUVECs compared with control virus infected HUVECs following exposure to high levels of glucose. Furthermore, HK2 overexpression suppressed cytochrome c release (Fig. 2F and G) . Furthermore, immunoprecipitation assays revealed that HK2 overexpression enhanced the interactions between VDAC1 and HK2 as well as Bcl-2, and attenuated the interactions between VDAC1 and Bax (Fig. 2H) . CyA, a known inhibitor of mitochondrial permeability transition (23), was used to examine the effect of mitochondrial permeability on cell viability and apoptosis in HUVECs exposed to a high concentration of glucose. Treatment with CyA partially reversed the decrease in cell viability and the increase in cell apoptosis in HUVECs exposed to a high glucose concentration, similarly to the aforementioned HK2 overexpression (Fig. 2I and J) .
High glucose-induced Bcl-2 downregulation is reversed by HK2 upregulation. HK2 overexpression partially restored the relative mRNA expression level of Bcl-2 in HUVECs exposed to high concentrations of glucose (Fig. 3A) . Luciferase assays confirmed the transcriptional regulation of Bcl-2 by CREB and NF-κB p65 in HUVECs (Fig. 3B ). Furthermore, the phosphorylation level of CREB and NF-κB, as an indicator of activation, was examined by western blot analysis in HUVECs. HK2 overexpression reversed the high glucose-induced effect on the activation status of phosphorylated CREB and NF-κB in HUVECs (Fig. 3C) .
High glucose reduces HK2 transcription via downregulation of PPARγ in HUVECs.
To investigate the mechanisms underlying the inhibitory effect of high glucose on HK2 expression, the relative mRNA and protein expression levels of HK2 were determined by RT-qPCR and western blotting, respectively, in HUVECs exposed to high and low glucose concentrations.
The relative mRNA and protein expression levels of HK2 were decreased in HUVECs exposed to high glucose concentrations compared with HUVECs exposed to a low glucose concentration ( Fig. 4A and B) . In addition, when MG132, a cell-permeable proteasome inhibitor, was used to block HK2 protein degradation, a high glucose-induced decrease in HK2 protein expression level was observed (Fig. 4B) . These results suggest that high glucose may regulate HK2 expression at a transcriptional level. Furthermore, PPARγ is reported to be a transcription factor for HK2 (24) . In the current study, luciferase activity confirmed the transcriptional regulation of HK2 by PPARγ (Fig. 4C) . Although HUVECs exposed to high glucose concentrations demonstrated decreased mRNA and protein expression levels of endogenous PPARγ (Fig. 4D and E) , high glucose had no obvious effect on the protein expression level of flag-tagged PPARγ level in HUVECs (Fig. 4F) .
Discussion
Hyperglycemia-induced apoptosis of vascular endothelial cells serves a role in the pathogenesis of both macrovascular and microvascular complications of diabetes (25) . In the present study, an in vitro model of chronic hyperglycemia was established in HUVECs following exposure to high glucose, in order to investigate the potential mechanisms and therapeutic targets for diabetes-induced vascular complications.
In the present study, high glucose-induced apoptosis in HUVECs was associated with the release of mitochondrial cytochrome c, as a result of the increase in mitochondrial membrane permeability demonstrated by the reduced mitochondrial membrane potential. VDAC1 plays a role in regulating mitochondrial membrane permeability (26) , following exposure to high glucose, and its function is regulated by HK2, Bcl-2 and Bax (27) . While HK2 and Bcl-2 reduce mitochondrial permeability, Bax increases mitochondrial permeability (16) (17) (18) . In the current study, high glucose-induced downregulation of mitochondrial and cellular HK2 and Bcl-2 expression, and therefore decreased interactions with VDAC1. In addition, high glucose induced upregulation of mitochondrial Bax by enhancing interactions with VDAC1 without affecting total lysate Bax expression levels. As HK2 and Bax competitively bind to VDAC1 (28), the decreased protein expression level of HK2 is likely to be affect the interactions between Bax and VDAC1. It was therefore hypothesized that downregulation of HK2 was involved in high glucose-induced cell apoptosis. To examine whether HK2 was involved in high glucose-induced cell apoptosis, HK2 was overexpressed in HUVECs exposed to high glucose. HK2 overexpression partially suppressed high glucose-induced cell apoptosis, by reducing mitochondrial Bax and its interaction with VDAC1. The antiapoptotic effect of HK2 may be achieved by directly competing with Bax for binding to VDAC1, as there was no upregulation of intracellular Bax observed. Furthermore, HK2 overexpression increased the expression, mitochondrial abundance and interaction of Bcl-2 with VDAC1. Bcl-2 is an apoptotic regulator which plays an antiapoptotic role by binding to the N-terminal domain of VDAC1 (29) . Therefore, upregulation of Bcl-2 may also contribute to the antiapoptotic effect of HK2.
Consistent with the findings of the current study, previous studies demonstrated that HK2 upregulated Bcl-2 expression in several types of cancer cell lines (30) , through the activation of CREB, a Bcl-2 transcription factor, via phosphorylation (31) . Despite the lack of studies regarding the effect of long-term exposure to high glucose on CREB phosphorylation, the current study indicated that high glucose effectively attenuated CREB phosphorylation in HUVECs. In addition, the current study demonstrated that high glucose attenuated phosphorylation of NF-κB, another Bcl-2 transcriptional factor (32). However, HK2 overexpression partially reversed the high glucose-induced inhibition of NF-κB and CREB phosphorylation. Therefore, the inhibition of CREB and NF-κB phosphorylation by high glucose may reduce Bcl-2 expression, however this was partially reversed by HK2 overexpression. The underlying mechanism of CREB and NF-κB regulation by high glucose and HK2 remains unknown.
To investigate the underlying mechanism by which high glucose reduces HK2 expression in HUVECs, the mRNA and protein levels of HK2 were examined. The current study demonstrated that high glucose reduced the transcription of HK2 without affecting its protein degradation rate. As high glucose may increase the proteasome-mediated degradation of HK2, MG132 was used to prevent this protein degradation, which resulted in a reduced difference of protein levels between high and low glucose treatment. A previous study revealed that PPARγ is an important transcription factor for HK2 (25) , which was confirmed in the current study using a luciferase assay. As was the case with HK2, high glucose reduced PPARγ expression by decreasing its mRNA level. Therefore, high glucose-induced downregulation of PPARγ led to suppressed HK2 transcription. However, the mechanism underlying high glucose-mediated regulation of PPARγ expression in HUVECs requires further investigation.
In conclusion, high glucose reduced HK2 expression by suppressing the expression of the HK2 transcription factor (PPARγ), which subsequently reduced Bcl-2 expression in HUVECs. These changes weakened the interaction of mitochondrial VDAC1 with HK2 and Bcl-2 leading to the enhanced binding of Bax to VDAC1, which increased mitochondrial membrane permeability and induced cell apoptosis. It is hypothesized that upregulating HK2 or PPARγ may reduce vascular endothelial cell apoptosis and prevent diabetes-induced vascular complications.
